Although master transcription factors (TFs) are key to the development of specific T cell subsets, whether additional transcriptional regulators are induced by the same stimuli that dominantly repress the development of other, non-specific T cell lineages has not been fully elucidated. Through the use of regulatory T cells (T reg cells) induced by transforming growth factor-b (TGF-b), we identified the TF musculin (MSC) as being critical for the development of induced T reg cells (iT reg cells) by repression of the T helper type 2 (T H 2) transcriptional program. Loss of MSC reduced expression of the T reg cell master TF Foxp3 and induced T H 2 differentiation even under iT reg -cell-differentiation conditions. MSC interrupted binding of the TF GATA-3 to the locus encoding T H 2-cell-related cytokines and diminished intrachromosomal interactions within that locus. MSC-deficient (Msc −/− ) iT reg cells were unable to suppress T H 2 responses, and Msc −/− mice spontaneously developed gut and lung inflammation with age. MSC therefore enforced Foxp3 expression and promoted the unidirectional induction of iT reg cells by repressing the T H 2 developmental program.
Naive CD4 + T cells can be polarized into various T cell subsets with defined effector functions in response to different environmental cues. The development of T cell subsets is driven by 'master' TFs that drive the genetic program that leads to the promotion of core sets of signature genes encoding products essential for their function. However, it has been suggested that together with the master TF for a specific lineage, other TFs might be induced that repress the development of alternative T cell subsets, which would lead to unopposed commitment to that specific T cell fate 1 .
Regulatory T cells (T reg cells) are a specialized T cell subset with an important role in mediating immunological homeostasis and promoting peripheral tolerance 2, 3 . Depletion of T reg cells in mice causes a lethal aggressive autoimmune syndrome 4, 5 . T reg cells can be derived and differentiated in the thymus as thymic T reg cells (tT reg cells) or can be induced in the periphery from naive T cells as induced T reg cells (iT reg cells) 6 . Although these two types of T reg cells have complementary inhibitory functions and exhibit overlapping but different transcriptional signature gene-expression patterns, both of them express the master TF Foxp3 (refs. 5,7) . Deletion of the gene encoding Foxp3 results in multi-organ tissue inflammation together with a loss of T reg cell function and over-exuberant generation of effector T cells, which leads to premature death in both mice and humans 4 .
Commitment to the T reg cell lineage requires prolonged and stable expression of Foxp3 in various inflammatory and tissue microenvironments 3 . However, even in the absence of Foxp3 expression, T reg cells tend to express part of the T reg cell gene program (for example, T reg cell 'wannabes'), which suggests that there must be other TFs that are induced by environmental cues to promote T reg cell development. The induction of Foxp3 during T reg cell development is dependent on signaling via the T cell antigen receptor (TCR) and cytokines, including signaling via receptors for the cytokines TGF-β and interleukin 2 (IL-2) 8, 9 . While both tT reg cells and iT reg cells require IL-2 signaling for their maintenance and population expansion via activation of the TF STAT5, stimulation of naive T cells with TGF-β results in the induction of Foxp3 expression via the Smad3 signaling pathway. TGF-β signaling also suppresses differentiation of the T H 1, T H 2 and T H 17 subsets of helper T cells in a cell-intrinsic manner 10, 11 . However, how TGF-β induces the development of iT reg cells while at the same time dominantly suppressing the development of other effector T cell programs in a cell-intrinsic manner has not been fully characterized.
Musculin (MSC), a member of the helix-loop-helix family of TFs, was first reported in mouse skeletal muscle precursor cells and was later identified in B cell lymphomas as a transcriptional repressor 12, 13 . However, its role in the differentiation and function of T cells is largely unclear 14 . Here, we found that MSC was induced early in iT reg cells following stimulation of naive T cells via the TCR in the presence of TGF-β. Loss of MSC resulted in reduced expression of Foxp3 and impaired suppressive function of iT reg cells. Furthermore, loss of MSC converted iT reg cells into T H 2 cells and enhanced the expression of T H 2-cell-related cytokines even under iT reg -cell-differentiation conditions. MSC mediated these effects by physically associating with GATA-3 in iT reg cells and by inhibiting the binding of GATA-3 to the locus encoding T H 2-cell-related cytokines (the 'T H 2 locus'). Our data identify a previously unknown mechanism by which MSC induced via TGF-β-Smad3 signaling promotes iT reg cell development by silencing the T H 2 cell gene program.
RESULTS

Early induction of MSC under TGF-b stimulation
To identify cell-intrinsic regulators that might dominantly inhibit the development of other T cell subsets during iT reg cell differentiation, we mined published expression-profiling data of iT reg cells under conditions of stimulation for 10 h or 48 h with TGF-β alone, with TGF-β plus IL-27 or with TGF-β plus interferon-γ (IFN-γ) 15 . We specifically searched for the genes that encode TFs that are substantially upregulated during the early phase of TGF-β stimulation so we could identify those that might work together with Foxp3 to promote T reg cell development. Overlapping of the results of the three different conditions revealed genes encoding four TFs (Foxp3, Batf3, Fosl2 and Msc) that had the highest expression in differentiating iT reg cells in the initial stage of differentiation in the presence of TGF-β (Fig. 1a) . It has been reported that Batf3 and Fosl2 do not have a substantial effect on the differentiation of iT reg cells 16, 17 . Therefore, we focused on MSC as one TF that seemed to be expressed early and might potentially function with Foxp3 in the development of T reg cells. We confirmed by quantitative PCR (qPCR) and immunoblot analysis that Msc was indeed substantially induced during the early phase of iT reg cell differentiation, with little or no expression observed in the other T cell subsets in vitro (Fig. 1b-d and Supplementary Fig. 1a,b) . To determine whether MSC was expressed in tT reg cells or iT reg cells in vivo, we analyzed the expression of MSC in Foxp3 + from wild-type mouse T reg cells positive or negative for neuropilin-1 (Nrp1) 18, 19 . Consistent with the in vitro results, iT reg cells (CD4 + Foxp3 + Nrp1 − ) isolated in vivo exhibited higher expression of Msc mRNA and MSC protein than that of tT reg cells (CD4 + Foxp3 + Nrp1 + ) isolated from various compartments ( Fig. 1e and Supplementary Fig. 1c) . These results demonstrated that MSC was induced specifically in iT reg cells both in vitro and in vivo.
Regulation of MSC by Smad3 during iT reg cell differentiation
Published studies have shown that TGF-β signaling induces Foxp3 expression dependent on the Smad3 signaling pathway 20, 21 . We therefore investigated whether Smad3 was able to directly affect MSC expression in iT reg cells. Indeed, we found that Smad3 bound to multiple sites across the Msc promoter under iT reg cell differentiation conditions but not under T H 0 differentiation conditions, as assessed by chromatin immunoprecipitation followed by PCR (ChIP-PCR) (Fig. 2a) . Moreover, we confirmed that Smad3 transactivated Msc in a dose-dependent manner (Fig. 2b,c) . Next, we retrovirally overexpressed Smad3 in wild-type T H 0 and iT reg cells and observed enhanced expression of Foxp3 and MSC at the level of mRNA and protein (Fig. 2d,e) . Furthermore, the increased Foxp3 expression paralleled the expression of Smad3 and MSC in these primary T cells (Fig. 2e) . Consistent with the overexpression data, iT reg cells derived from Smad3 −/− mice showed lower expression of both Foxp3 and MSC than that of their counterparts from wild-type mice (Fig. 2f,g ). These results suggested that MSC expression was mediated by Smad3 that was induced specifically under TGF-β-stimulation conditions.
Disruption of iT reg cell generation via loss of MSC Next, we sought to determine whether loss of MSC in vivo had any effect on the development of tissue inflammation or homeostasis. We observed wild-type and MSC-deficient (Msc −/− ) mice over time for the development of any overt autoimmunity. While the young wild-type and Msc −/− mice (6-8 weeks of age) exhibited similar T cell composition in their peripheral lymph nodes, we observed a greater proportion of activated (CD62L lo CD44 + ) CD4 + T cells in 40-week-old Msc −/− mice than in their wild-type counterparts (Fig. 3a,b) . Further examination of non-lymphoid tissues from the 40-week-old Msc −/− mice revealed immune-cell infiltration, particularly in the small intestine and lungs (Fig. 3c,d) , which indicated disruption of immunological homeostasis at the mucosal surface.
The enhanced tissue inflammation at mucosal sites in MSC-deficient mice led us to hypothesize that there might be a defect in the generation or function of T reg cells following the loss of MSC. We therefore analyzed the Foxp3 + T reg cell compartment in 8-week-old mice. Although we found no substantial difference between the genotypes in various peripheral lymphoid organs (Supplementary Fig. 1d,e) , we observed fewer T reg cells in the gut lamina propria (LP) of Msc −/− mice than in that of their wild-type littermates, but not in the lungs (Fig. 3e,f and Supplementary Fig. 2a,b) . The gut is known as the main A r t i c l e s site for the generation and accumulation of iT reg cells 22, 23 . Nrp1 staining analysis of T reg cells among lymphocytes isolated from the lamina propria showed fewer Foxp3 + Nrp1 − iT reg cells in the Msc −/− mice than in wild-type mice, whereas the number of Foxp3 + Nrp1 + tT reg cells remained the same in these genotypes ( Supplementary Fig. 2c,d ).
Given the distribution of MSC in both lymphocytes (hematopoietic) and muscle cells (non-hematopoietic) 12,13 , we generated chimeras by transferring wild-type or Msc −/− bone marrow into immunodeficient (Rag2 −/− ) recipients. The chimeras that carried Msc −/− lymphocytes exhibited fewer iT reg cells within the gut LP than did their counterparts given wild-type cells ( Supplementary Fig. 2e-h ), which indicated that T-cell-intrinsic MSC was required for the development of Foxp3 + iT reg cells in vivo.
During in vitro differentiation, we observed no defect in the differentiation of T H 1, T H 2 or T H 17 cells from Msc −/− mice relative to such differentiation in wild-type mice (Supplementary Fig. 2i ). However, Msc −/− iT reg cells had lower expression of Foxp3 than did wild-type iT reg cells when differentiated in vitro in the presence of TGF-β, and the addition of exogenous IL-2 did not 'rescue' this defect (Fig. 3g) . We next sought to determine whether MSC functions in a cell-intrinsic or cell-extrinsic manner in iT reg cell differentiation. We polarized CD45.1 + wild-type T cells and CD45.2 + Msc −/− T cells in the presence of TGF-β either separately or together. Lower Foxp3 expression in Msc −/− T cells than in wild-type T cells was still observed, even when Msc −/− and wild-type T cells were cultured together ( Supplementary  Fig. 2j-k) . A cell-intrinsic effect of MSC was also observed in vivo in a bone-marrow chimera: 10 weeks after reconstitution of irradiated Rag2 −/− host mice with a mixture (1:1) of congenic CD45.2 + Msc −/− bone marrow and CD45.1 + wild-type bone marrow, we observed that Msc −/− T reg cells had lower Foxp3 expression than that of wild-type T reg cells, in the LP (Supplementary Fig. 2l ). Therefore, MSC affected iT reg cell differentiation in a cell-intrinsic manner.
Enhanced T H 2 responses of MSC-deficient iT reg cells Smad3 is known to function as a TF critical for the induction of Foxp3. We next investigated whether MSC deficiency affected Smad3 activity and resulted in reduced expression of Foxp3. Immunoblot analysis showed that phosphorylation of Smad3 following exposure to TGF-β was intact in Msc −/− T cells (Supplementary Fig. 3a) , which excluded the possibility that MSC directly interfered with the activation of Smad3. It has also been reported that MSC has a transcription-repression domain within its basic helix-loop-helix region and forms heterodimers with E proteins and therefore attenuates Eprotein-mediated gene activation 24 . We therefore sought to determine whether the absence of MSC could induce compensatory expression of E proteins, but we found no difference in the expression of E47 (encoded by Tcf3) and HEB (encoded by Tcf12) in Msc −/− iT reg cells relative to that in wild-type cells ( Supplementary Fig. 3b ), which excluded the possibility of a compensatory effect of these E proteins.
To gain more insight into MSC's regulation of Foxp3, we sequenced mRNA of wild-type and Msc −/− iT reg cells generated in vitro in the presence of TGF-β. We noted that in addition to their downregulation of Foxp3, Msc −/− iT reg cells seemed to attain a T H 2 phenotype with higher expression of T H 2-cell-associated genes (Il4, Il5, Il13 and Gata3) than that of wild-type cells, even under iT reg -cell-differentiation conditions ( Fig. 4a and Supplementary Fig. 3c ). That increased expression of T H 2-cell-associated genes was further confirmed by qPCR ( Fig. 4b) and at the protein level ( Fig. 4c and Supplementary  Fig. 4a ). We thus hypothesized that MSC induced by TGF-β signaling must promote iT reg cell differentiation by repressing T H 2 cell development. Indeed, we observed uncontrolled T H 2 responses in Msc −/− mice, mainly in the gut but not in the peripheral lymphoid organs (Fig. 4d,e and Supplementary Fig. 4b,c) .
IL-4 signaling has been reported to suppress Foxp3 expression under conditions of TGF-β stimulation 25, 26 . Given that in the presence of TGF-β, Msc −/− T cells produced large amounts of T H 2-cell-related cytokines and were defective in iT reg cell differentiation ( Fig. 4 and Supplementary Fig. 4 ), we assessed IL-4 production by Msc −/− iT reg cells in vivo through the use of a model of ovalbumin (OVA)-induced generation of iT reg cells 23 . We crossed Msc −/− mice with Rag2 −/− mice of the OT-II strain (with transgenic expression of an OVA-restricted TCR) to generate OVA-specific Msc −/− T cells. Indeed, adoptive transfer of OVA-specific Msc −/− T cells into Rag2 −/− mice resulted in fewer iT reg cells than did the transfer of wild-type cells, but the transferred Msc −/− cells produced more IL-4 than did their wild-type counterparts upon exposure to OVA in vivo ( Supplementary Fig. 4d-f ). Together these data indicate that the loss 
MSC suppresses the T H 2 response to promote Foxp3 expression
To address the main cause of the diminished Foxp3 in Msc −/− iT reg cells, we investigated the kinetics of Foxp3 expression and T H 2-cellspecific gene expression during iT reg cell differentiation. Msc −/− T cells had lower expression of Foxp3 but higher expression of Gata3 at 24 h after stimulation with TGF-β than that of wild-type T cells (Fig. 5a ). This suggested that there might be other elements before the induction of GATA-3 that repressed Foxp3 expression in Msc −/− T cells. The expression of genes encoding T H 2-cell-associated cytokines in Msc −/− iT reg cells, including Il4, Il5 and Il13, all started to elevate as early as 12 h after the activation of T cells via the addition of TGF-β, while Il4 transcription was observed even at 4 h after such activation in Msc −/− T cells (Fig. 5a) . On the basis these data, we hypothesized that enhanced expression of T H 2-cell-related cytokines could have been one of the reasons for the inhibition of Foxp3 expression in Msc −/− iT reg cells.
To further explore the molecular mechanism of MSC's regulation of T H 2 responses in iT reg cells, we performed formaldehyde-assisted isolation of regulatory elements (FAIRE) to assess the accessibility of chromatin in the T H 2 locus. We found regions with greater 'chromatin openness' throughout the T H 2 locus in Msc −/− iT reg cells than in wild-type iT reg cells, as observed at 12 h after differentiation, while the Foxp3 promoter was less open in Msc −/− iT reg cells than in wild-type iT reg cells at 48 h after differentiation (Fig. 5b) . However, we did not observe such differences in chromatin marks at either time point during the differentiation of other effector T cell subsets (data not shown).
Chromatin accessibility is known to be associated with histone modifications 27 . Consistent with the FAIRE data, the absence of MSC led to a greater abundance of histone modifications, including the activing histone marks H4ac, H3K9ac and H3K4me3, on the T H 2 locus, but not on the Foxp3 locus, at 12 h after differentiation in iT reg cells, relative to that in wild-type iT reg cells ( Supplementary  Fig. 5a-c) . Meanwhile, the abundance of the repressive histone mark H3K27me3 in the T H 2 locus was greater in wild-type iT reg cells than in Msc −/− iT reg cells, at 12 h after differentiation ( Supplementary  Fig. 5d ). Thus, in Msc −/− iT reg cells, the T H 2 locus exhibited epigenetic modifications associated with active gene expression, which might potentially result in greater production of T H 2-cell-associated cytokines.
As IL-4 is known to suppress the generation of iT reg cells by TGF-β 28 , we investigated whether the lower expression of Foxp3 in Msc −/− iT reg cells was due to increased early production of IL-4. The addition Fig. 6a,b) . Through the use of Msc −/− Il4 −/− mice, we found that such deletion of IL-4 from Msc −/− mice restored Foxp3 expression to the normal amount found in Msc +/+ Il4 +/+ mice after in vitro differentiation of iT reg cells (Fig. 5c) . Further analysis of Foxp3 + T reg cells in the draining lymph nodes and LP also suggested that depletion of IL-4 'rescued' Foxp3 expression in MSC-deficient 
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iT reg cells in vivo ( Fig. 5d and Supplementary Fig. 6c-f) . Thus, these data suggested that T H 2-cell-related cytokines, in particular the IL-4 over-induced in Msc −/− iT reg cells, were fully responsible for the reduction in the expression of Foxp3.
Suppression of GATA-3 activity by MSC in iT reg cells As a master TF for T H 2 cells, GATA-3 has been reported to be critical for the initiation and regulation of the T H 2 locus 29 . As MSC is known as a transcriptional repressor 30 , we suspected there might be a potential interaction between MSC and GATA-3, which could lead to the suppression of T H 2 responses. In differentiated iT reg cells, we observed that GATA-3 and MSC formed a protein complex, as assessed by co-immunoprecipitation (Fig. 6a) , a result we confirmed by in situ proximity-ligation assay ( Fig. 6b and Supplementary Fig. 7a ). Treatment with ethidium bromide did not interfere with the GATA-3-MSC interaction (Supplementary Fig. 7b,c) , which suggested that this interaction did not involve DNA. It has been established that T H 2-cell-specific genes are regulated by the locus-control region of in the T H 2 locus (Fig. 6c) . We prepared iT reg cells and analyzed the T H 2 locus by ChIP analysis of MSC. We observed MSC-binding signals at the conserved GATA-3 response element (CGRE; the Il13 distal promoter), the Il13 promoter, DNase I-hypersensitive site 2 (HS2; the Il4 intronic enhancer), the Il4 promoter, Rad50 DNase-I-hypersensitive site 6 (RHS6), RHS7, the Il5 promoter and the enhancer of conserved noncoding sequence 2 (CNS2) (Fig. 6d) . Given the physical interaction of GATA-3 and MSC, we performed ChIP analysis of GATA-3 followed by 're-ChIP' analysis of MSC to evaluate whether GATA-3 and MSC occupied the same binding sites. We observed that during iT reg cell differentiation, GATA-3 and MSC indeed co-occupied multiple DNA sites within the T H 2 locus at the same time (Fig. 6e) . Since Il4, Il5, Il13 are known to be regulated by GATA-3 (refs. 31,32) , we also assessed the binding of GATA-3 to the T H 2 locus in iT reg cells. Enhanced binding of GATA-3 to the locus containing Il4 and Il13 was detected as early as at 12 h after the stimulation of Msc −/− iT reg cells with TGF-β, relative to such binding in their wild-type counterparts (Fig. 6f) , despite the identical expression of Gata3 mRNA in Msc −/− T cells and wild-type T cells at this time point (Fig. 5a) . These results indicated that MSC mainly inhibited the DNA-binding activity of GATA-3 to suppress the T H 2 response during iT reg cell differentiation.
Regulation of T H 2 locus conformation by MSC in iT reg cells
It is known that the coordinated expression of T H 2-cell-associated cytokines is dependent mainly on the chromatin conformation of the locus encoding these cytokines. GATA-3 has been shown to fully participate in the establishment such long-range chromatin interactions 33 . Given the spatial organization of the T H 2 locus (Fig. 7a) , we performed chromosome-conformation capture assay. We chose the Il4 proximal promoter region (HS1) and RHS7 as the anchor points to evaluate this intrachromosomal interaction 33 . We first assessed the interaction of the fragments in various T cell subsets. As expected, the T H 2 locus exhibited greater intrachromosomal interaction in T H 2 cells than in either iT reg cells or naive T cells (Fig. 7b) . We next assessed interactions of fragments of the T H 2 locus in Msc −/− and wild-type T cells under iT reg -cell-differentiation conditions and observed enhanced interactions within the T H 2 locus in Msc −/− iT reg cells (Fig. 7c) .
It has been reported that the transcriptional repressor CTCF and cohesion (Rad21) are important for long-range chromosomal associations 34 . As the CTCF-binding sites (CBSs) in the T H 2 locus have been identified 35 , we assessed the binding profiles of both CTCF and Rad21 at the T H 2 locus in the iT reg cell setting (relevant positions, Fig. 7d) . We found enrichment for the binding of CTCF at CBS1, CBS3, CBS5 and CBS7 in Msc −/− iT reg cells relative to such binding in A r t i c l e s wild-type iT reg cells (Fig. 7e) . Furthermore, there was greater binding of Rad21 to most of the CBSs except CBS2 in the Msc −/− iT reg cells relative to such binding in wild-type iT reg cells (Fig. 7f) . Overall, these results indicatde that MSC served a critical role in silencing the T H 2 response during iT reg cell differentiation via a chromatinlooping mechanism.
Promotion of the suppressive activity of iT reg cells by MSC iT reg cells are known to be responsible for immunological selftolerance and the control of inflammation in vivo 7 . Given the impaired Foxp3 expression of MSC-deficient T reg cells, we next assessed the function of these iT reg cells. We first performed an in vitro suppression assay. We crossed Msc −/− mice with reporter mice with sequence encoding green fluorescent protein (GFP) knocked into Foxp3 (Foxp3 GFP ), obtained CD4 + CD62L + CD44 − GFP − cells from Foxp3 GFP or Msc −/− Foxp3 GFP mice and differentiated those cells into iT reg cells through the use of TGF-β. Foxp3 + iT reg cells from Msc −/− Foxp3 GFP mice showed diminished ability to inhibit the proliferation and cell division of wild-type naive CD4 + T cells stimulated via the TCR relative to the ability of Foxp3 GFP iT reg cells to inhibit this (Fig. 8a) . Expression of the signature markers and co-stimulatory molecules of T reg cells was lower in Foxp3 + iT reg cells in the absence of MSC than in its presence (data not shown). We assessed the co-inhibitory molecule TIGIT, which has been shown to be expressed in T reg cells and has been shown to inhibit T H 1 responses and T H 17 responses differentially but to promote T H 2 responses 36 , and, notably, found its expression was higher in Msc −/− iT reg cells than in wild-type iT reg cells (Fig. 8b and Supplementary Fig. 8a) . Given the high expression of TIGIT, we suspected that beyond their general diminished suppressive ability, Msc −/− iT reg cells might be defective in suppressing T H 2 responses. Indeed, both wild-type iT reg Fig. 8c and Supplementary Fig. 8b ).
To evaluate whether the MSC expression in iT reg cells also affected immunoregulation in vivo, and given that Msc −/− iT reg cells did not suppress T H 2 responses in vitro, we used a model of house dust mite (HDM)-induced asthma in lungs in which T H 2-cell-associated cytokines have a dominant role in tissue inflammation 37 . We transferred either CD45.2 + wild-type iT reg cells or CD45.2 + Msc −/− Foxp3 + iT reg cells into CD45.1 + congenic recipient mice, followed by HDM challenge 10 d later. Consistent with published data 38 , wild-type iT reg cells suppressed the infiltration of mononuclear cells into the lungs following such challenge 39 (data not shown). However, Msc −/− iT reg cells were not able to prevent lung inflammation induced by HDM challenge (Fig. 8d) . The bronchoalveolar lavage fluid of recipient mice given Msc −/− iT reg cells contained more inflammatory leukocytes, including eosinophils and lymphocytes, than that of recipient mice given wild-type iT reg cells (Fig. 8e) . Msc −/− iT reg cells also induced more immunoglobulin E (IgE) and IL-4 in the lungs than did wild-type iT reg cells (Fig. 8f) . Consistent with the in vitro data, the transfer of Msc −/− iT reg cells enhanced the T H 2 response but not the T H 1 or T H 17 response in the lungs, compared with such responses after the transfer of wild-type iT reg cells (Fig. 8g  and Supplementary Fig. 8c ). These results suggested that MSC might potentially enhance the suppressive function of iT reg cells by selectively inhibiting the T H 2 gene program during iT reg cell differentiation and promoted mucosal immunological homeostasis.
DISCUSSION
iT reg cells are generated in the periphery after stimulation with TGF-β in specific tissue microenvironments such as tumors and mucosal sites 40, 41 . The activation and development of iT reg cells require a series of transcriptional regulators that orchestrate the functional development of iT reg cells from naive T cells. It has been shown that the polarization of T cell subsets into a defined fate requires not only the induction of subset-specific genes but also the silencing of transcriptional programs for other T cell subsets to ensure the unidirectional development of a specific T cell subset. In this study, we demonstrated that the key TF MSC had an essential role in iT reg cells to enforce the expression of Foxp3 while restraining development of the T H 2 gene program.
iT reg cells developing at mucosal sites have a critical role in maintaining immunological homeostasis and tolerance. Loss of the genomic CNS1 element in the Foxp3 locus results in a selective defect in the generation of iT reg cells, and CNS1-deficient mice develop spontaneous T H 2 inflammation as the mice age 42, 43 . Consistent with that observation, aged Msc −/− mice, which had a defect in the development of iT reg cells, also developed spontaneous inflammation at mucosal sites in both the gut and lungs. However, these mice did not exhibit the spontaneous systemic, multi-organ inflammation observed with other T reg -cell-deficient mice at a young age 4, 26 . Therefore, the loss of MSC had selective effects on iT reg cells that limited the pathological effects of MSC-dependent T reg cell deficiency. Although the generation of peripheral iT reg cells was compromised in Msc −/− mice, the thymusderived tT reg cells from Msc −/− mice were still sufficient to maintain immunological homeostasis and control systemic tissue inflammation. Although there was low expression of MSC protein in T cells following activation, the expression of MSC protein was suppressed in other T cell subsets (T H 1, T H 2 and T H 17 cells) and MSC was overexpressed under iT reg cell conditions, in support of the idea that MSC has an important role in the differentiation of iT reg cells but not in other T cell subsets.
MSC can function as a transcriptional repressor by binding to E2A transcription factors, which results in the formation of inactive heterodimers 24, 30 . Repression of the binding of E2A to the Foxp3 locus A r t i c l e s leads to inhibition of Foxp3 expression 44 . However, the impaired iT reg cell differentiation of Msc −/− T cells we observed was inconsistent with a model in which MSC directly represses the binding of E2A to the Foxp3 promoter. Functional redundancies have been reported for homodimers and heterodimers among members of the basic helix-loop-helix family of proteins 45 . However, we did not detect alterations in the expression of genes encoding E2A proteins. Instead, our data supported the proposal of a role for MSC in iT reg cells in repressing lineage-defining TFs for other T cell subsets, specifically T H 2 cells. The specific interaction between MSC and GATA-3 we observed might be critical for suppressing T H 2 cell development independently of other E2A proteins. However, whether other members of the basic helix-loop-helix family are induced in other effector T cells to repress alternative gene programs and promote their differentiation needs further evaluation. Foxp3 programs T reg cells for their regulatory function 3 . In addition, Foxp3 also orchestrates the inhibition of non-T reg cell transcriptional programs, such that the unidirectional development of iT reg cells is ensured 46 . For example, a physical interaction between Foxp3 and GATA-3 has been suggested to prevent T H 2 polarization 25, 47 . In contrast, other studies have suggested that GATA-3 can promote T reg cell development by binding to CNS2 in the Foxp3 locus in tT reg cells, which suggests that GATA-3 and Foxp3 might act in synergy to further promote Foxp3 expression 48 . GATA-3 has been shown to exert its function via sequence-specific DNA binding 38 in that it exerts various functions by cell-type-specific binding, even among the closely related T cell subsets. This suggests that GATA-3 mediates its functional specificity via interaction with cofactors within a specific subset. In fact, our results identified MSC as a previously unknown binding partner of GATA-3 in iT reg cells, which indicated that different GATA-3 protein complexes formed under various differentiation and developmental conditions could exert distinct effects. Whether MSC is critical for only iT reg cell development and whether tT reg cells utilize another mechanism for suppressing the development of T H 2-cell and other effector-cell programs cannot be elucidated from our data.
In conclusion, MSC has an important role in suppressing T H 2 gene expression during iT reg cell differentiation. Our study has provided a novel perspective, in that Foxp3 alone did not suppress other lineage-specific transcriptional programs but instead acted together with other TFs such as MSC to achieve this goal. In iT reg cells, MSC formed a complex with the key T H 2 cell TF GATA-3 and thus acted as a repressor, favoring a linear chromatin configuration of the T H 2 locus and thereby actively inhibiting the T H 2 cell gene program. We propose that MSC functions as a negative regulator of the assembly of the three-dimensional chromatin architecture required for opening of the T H 2 locus and that MSC is an important factor that suppresses the development of T H 2 responses during iT reg cell differentiation. Although the role of Foxp3 in inducing T reg cell differentiation cannot be underestimated, our studies suggested that Foxp3 was not able to do this alone. In fact, the factors that induce Foxp3 also induced regulators that dominantly suppressed the transcriptional programs of other T cell subsets, which allowed Foxp3 to work unopposed. With this premise in mind, we have identified MSC as a TF that assists Foxp3 in promoting iT reg cell development while at the same time repressing the T H 2 cell gene program. Regulating MSC expression in CD4 + T cells might allow therapeutic modulation of iT reg cell responses in mucosal sites in inflammatory bowel disease, asthma, atopy and allergies.
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